The bacterium Rhodopseudomonas palustris grows with the aromatic acid benzoate and the alicyclic acid cyclohexanecarboxylate (CHC) as sole carbon sources. The enzymatic steps in an oxygen-independent pathway for CHC degradation have been elucidated, but it was unknown how the CHC operon (badHI aliAB badK) encoding the enzymes for CHC degradation was regulated. aliA and aliB encode enzymes for the conversion of CHC to cyclohex-1-enecarboxyl-coenzyme A (CHene-CoA). At this point, the pathway for CHC degradation merges with the pathway for anaerobic benzoate degradation, as CHene-CoA is an intermediate in both degradation pathways. Three enzymes, encoded by badK, badH, and badI, prepare and cleave the alicyclic ring of CHene-CoA to yield pimelyl-CoA. Here, we show that the MarR transcription factor family member, BadR, represses transcription of the CHC operon by binding near the transcription start site of badH. 2-Ketocyclohexane-1-carboxyl-CoA, an intermediate of CHC and benzoate degradation, interacts with BadR to abrogate repression. We also present evidence that the transcription factor BadM binds to the promoter of the badDEFGAB (Bad) operon for the anaerobic conversion of benzoate to CHene-CoA to repress its expression. Contrary to previous reports, BadR does not appear to control expression of the Bad operon. These data enhance our view of the transcriptional regulation of anaerobic benzoate degradation by R. palustris.
We have presented genetic evidence that BadR and another transcription factor, named BadM, control the expression of the Bad operon (14, 15) . However, in these studies, we did not present in vitro evidence to show direct binding of BadR or BadM to the promoter region of this operon.
Here, we reexamined the functions of BadR and BadM using gel shift and footprinting assays. We also followed expression of select CHC and Bad operon genes in badR and badM mutants using quantitative real-time PCR (qRT-PCR). We confirmed that BadM binds to the Bad operon promoter region and characterized the BadM binding site. We also determined that BadR binds to the CHC operon promoter region and found that such binding is antagonized by 2-ketocyclohexane-1-carboxyl-CoA, an intermediate of benzoate and CHC degradation. Contrary to a previously published report (14) , BadR does not appear to control transcription of the Bad operon. 
MATERIALS AND METHODS
Bacterial strains. The strains used in this work are listed in Table 1 . We used the badR mutant strain CGA609, a gentamicin cassette insertion mutant, for the experiments shown in Fig. 5 . We also constructed a badR in-frame deletion mutant (strain CGA609a) by sequence overlap extension PCR (16) according to the strategy described previously for R. palustris (17) with primer pairs badR-delta1/badR-delta2 and badR-delta3/ badR-delta4 ( Table 2 ). The upstream flanking DNA included ϳ400 bp and the first three amino acid codons. The downstream flanking DNA included the last two amino acid codons, the stop codon, and ϳ400 bp of DNA. The deletion construct was ligated into BamHI-and XbaI-digested suicide vector pJQ200KS (18) and introduced into R. palustris CGA009. We confirmed the resulting mutant strain using PCR analysis and DNA sequencing.
Culture conditions. All R. palustris strains were grown photoheterotrophically in mineral medium (PM) supplemented with an appropriate carbon source (succinate, 10 mM; benzoate, cyclohexanecarboxylate, cyclohex-1-ene-1-carboxylate, 2-hydroxycyclohexane-1-carboxylate or 2-ketocyclohexane-1-carboxylate, 2.5 mM) as described previously (19) . Escherichia coli and Pseudomonas aeruginosa were grown in Luria broth (LB). Antibiotics were added to growth media at the following concentrations (per milliliter): 100 g gentamicin and 100 g kanamycin for R. palustris, 150 g ampicillin and 15 g chloramphenicol for E. coli, and 300 g carbenicillin for P. aeruginosa.
Plasmids. Primer sequences are given in Table 2 . To construct the N-terminal His 6 -tagged BadR overexpression plasmid pQF5016b.badR, badR was PCR amplified from genomic DNA using primers pETbadR-F GCCGGATCCCAGCCGGCGTTGTTGACCAG badR in-frame deletion badR-delta2 GCGCCTTGACCAAAGTCATTCCAGCGCCATCATCAACCATCTTG badR in-frame deletion badR-delta3 GCGTCAAGATGGTTGATGATGGCGCTGGAATGACTTTGGTCAAG badR in-frame deletion badR-delta4 CCTCTAGAAGGCTCATCTTGGCGCACAG badR in-frame deletion and pETbadR-R and cloned into NcoI-BamHI-digested pQF5016b.rpa1794 plasmid (20) . To construct pBBR1MCS-2badR for BadR expression in R. palustris, the badR gene was PCR amplified with pBBRbadR-F and pBBRbadR-R primers and cloned into HindIII-XbaI-digested pBBPgdh (21) . Next, badR together with the gdh (glyceraldehyde-3-phosphase dehydrogenase) promoter was cut out by KpnI-XbaI digestion and ligated into pBBR1MCS-2 (22) . The C-terminal His 6 -tagged BadM expression plasmid pQF5016b.badM was constructed by PCR amplification of badM from genomic DNA using primers badM-F and badM-R, followed by ligation into NcoI-BamHI-digested pQF5016b.rpa1794 plasmid (20) . The plasmid constructions were confirmed by DNA sequencing. Protein synthesis and purification. N-terminal hexahistidine-tagged BadR was synthesized and purified from E. coli Rosetta (Novagen/EMD Biosciences, Philadelphia, PA). BadM was expressed in and purified from P. aeruginosa strain PAO1-T7 (23) . Bacteria containing pQF5016b.badR or pQF5016b.badM were grown at 37°C to an optical density at 600 nm (OD 600 ) of 0.4 in LB, at which point protein synthesis was induced by the addition of isopropyl-␤-D-thiogalactopyranoside (IPTG) (0.5 mM), and culture growth was continued at 37°C for another 3 h. Cells were harvested and stored at Ϫ80°C overnight. Cell pellets were suspended in buffer (20 mM Tris, pH 7.9), 100 mM NaCl, and 10% glycerol) and lysed by sonication. The lysate was centrifuged, and the resulting supernatant was mixed with Ni-nitrilotriacetic acid (NTA) agarose (Qiagen, Valencia, CA) for 1 h. The agarose was washed with increasing amounts of imidazole (20, 50 , and 100 mM), and the His-tagged fusion protein was subsequently eluted with 200 and 500 mM imidazole. Purified BadR was desalted with HiTrap desalting columns (GE Healthcare, Pittsburgh, PA), eluted with 20 mM Tris (pH 7.5), 50 mM KCl, 1 mM dithiothreitol, and 10% glycerol, and stored at Ϫ80°C. Purified His-tagged BadM was quite unstable. Following elution with imidazole, it was diluted into buffer consisting of 20 mM Tris (pH 7.5), 50 mM KCl, 1 mM dithiothreitol, and 8% glycerol to a concentration of 10 nmol/ml and stored at 4°C. Purified His-BadM protein was used in assays within 2 days. BadR and BadM proteins were Ͼ95% pure, as estimated by SDS-PAGE electrophoresis and Coomassie brilliant blue staining.
RNA extraction and RT-PCR. RNA extraction and RT-PCR analyses were performed according to previously published protocols (17, 24) . Briefly, R. palustris cultures were grown to mid-logarithmic phase in PMsuccinate and then diluted to an OD 660 of 0.03 in fresh PM containing 10 mM succinate and grown to an OD 660 of 0.1, at which point 2.5 mM benzoate and 10 mM sodium bicarbonate were added. RNA was extracted after an additional 5 h of growth and purified using the RNeasy minikit (Qiagen, Valencia, CA). Real-time PCRs included 1 ng cDNA and 200 nM primers in SYBR green PCR amplification master mix (Applied Biosystems, Foster City, CA). Genomic DNA was used as a standard, and fixJ (rpa4248) (17) was used as an internal control.
Electrophoretic mobility gel shift assays. For BadR and BadM gel shift assays, we used DNA fragments that included the badH-badR (164 bp), badR-badC (168 bp), badC-badD (212 bp), or badG-badA (169 bp) intergenic region as probes. As a nonspecific probe, we used a 164-bp DNA fragment amplified from the rhlA gene in P. aeruginosa. The probe DNA (0.30 pmol) was mixed with protein in a 10-l reaction mixture containing 20 mM Tris (pH 7.5), 50 mM KCl, 1 mM dithiothreitol, and 8% glycerol. After incubation for 25 min at room temperature, samples were electrophoresed on a 5% nondenaturing acrylamide Tris-glycine-EDTA gel in Tris-glycine-EDTA buffer at 4°C. The gel was soaked in 10,000-fold-diluted SYBR green I nucleic acid stain (Lonza, Walkersville, MD), and DNA was visualized at 300 nm.
DNase I footprinting analysis. DNase I footprint analysis was performed using a previously described nonradiochemical capillary electrophoresis method (25) . For BadR footprinting, a 6-carboxyfluorescein (FAM)-labeled (5=), 164-bp DNA fragment (starting 21 bp inside the badH coding region and ending 143 bp upstream of the badH start codon) was generated by PCR amplification. The DNA fragment (0.45 pmol) was mixed with purified BadR (0 to 24 pmol) in a 50-l reaction mixture containing the same buffer as described above. After incubation for 25 min at room temperature, DNase I (0.3 units; Promega Corp., Madison, WI) was added. After 60 s at room temperature, samples were purified. Prepared samples were electrophoresed using an ABI Prism genetic analyzer equipped with an ABI Prism GeneScan, and fragment sizes were determined with ABI Peak Scanner software. For BadM footprinting, a FAM-labeled (5=), 269-bp DNA fragment (starting at 191 bp upstream of the badD start codon and ending 78 bp inside the badD coding region) was generated by PCR amplification. The DNA fragment (0.45 pmol) was mixed with purified BadM (0 to 24 pmol) and analyzed as described above for the BadR samples. S1 nuclease protection assays. The S1 nuclease protection assay was performed as previously described (26) . The probe was generated by PCR amplification with genomic DNA, denatured by heating for 10 min at 95°C, and immediately chilled. Total RNA (12 g ) from logarithmic phase cultures grown with succinate with or without 2.5 mM benzoate was hybridized with 0.1 pmol FAM-labeled probe in hybridization buffer (38 mM HEPES [pH 7.0], 0.3 M NaCl, 1 mM EDTA, and 0.01% Triton X-100) for 16 h at 55°C. Hybridization products were digested for 30 min at 37°C using S1 nuclease (100 units; Promega Corp., Madison, WI) and purified for GeneScan sequencing analysis.
Chemical reagents and syntheses. Benzoic acid was purchased from Fisher Scientific (Pittsburgh, PA), cyclohexanecarboxylic acid and 1-cyclohexene-1-carboxylic acid from Acros Organics (Fisher Scientific, Pittsburgh, PA), and pimelic acid and acetyl-CoA from Sigma-Aldrich (St. Louis, MO). 2-Hydroxycyclohexane-1-carboxylic acid and 2-ketocyclohexane-1-carboxylic acid were chemically synthesized from ethyl-2-ketocyclohexane carboxylate (Acros Organics brand; Fisher Scientific, Pittsburgh, PA). To synthesize 2-hydroxycyclohexane-1-carboxylic acid, 6 mmol of ethyl-2-ketocyclohexane carboxylate was stirred with 9 mmol of sodium borohydride in ethanol for 1 h at room temperature to produce ethyl-2-hydroxycyclohexane carboxylate. The ethyl ester product was then hydrolyzed in 5% of NaOH solution at room temperature. When the precipitate was completely dissolved, the solution was extracted with diethyl ether to remove unreacted ester compounds, and the aqueous layer was acidified with concentrated HCl to pH 2 to 3 and then extracted with diethyl ether. The resulting diethyl ether extract was evaporated under a stream of nitrogen gas. To synthesize 2-ketocyclohexane-1-carboxylic acid, ethyl-2-ketocyclohexane carboxylate was hydrolyzed in 5% of NaOH solution at room temperature to form 2-ketocyclohexane-1-carboxylic acid, and the reaction product was extracted with diethyl ether in the same way as 2-hydroxycyclohexane-1-carboxylic acid. The CoA thioester of 2-ketocyclohexane-1-carboxylic acid (2-ketocyclohexane-1-carboxyl-CoA) was synthesized by a CoA-coupling reaction with benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) as previously described (27) . 2-Ketocyclohexane-1-carboxylic acid (70.4 mol) was stirred with 32.5 mol of coenzyme A sodium salt (Sigma-Aldrich, St. Louis, MO), 52.5 mol of PyBOP (Novabiochem/EMD Biosciences, Philadelphia, PA), and 145 mol of potassium carbonate in 50% water solution of tetrahydrofuran for 15 min on ice and then for 2 h at room temperature. The reaction mixture was separated by silica gel thin-layer chromatography with chloroform-methanol (4/1 [vol/vol]) as the solvent, and a spot corresponding to the resulting CoA product was scraped from the silica gel surface and collected in a tube. The product was eluted with chloroform-methanol (2/1 [vol/vol]) and filtered to remove any remaining silica gel. The solvent was completely evaporated under a stream of nitrogen gas. We confirmed the synthesis of expected products using electrospray ionization-time of flight-mass spectrometry (ESI-TOF-MS). We observed a predominant peak from each synthesized compound at molecular sizes corresponding to m/z 145 (MϩH) for 2-hydroxycyclohexane-1-carboxylic acid, m/z 143 (MϩH) for 2-ketocyclohexane-1-carboxylic acid, and m/z 890 (MϪH) for 2-ketocyclohexane-1-carboxyl-CoA.
RESULTS

BadM binds to the Bad operon promoter.
In gel shift experiments, we found that purified His-tagged BadM retarded the elec- trophoretic mobility of a DNA fragment encompassing the badCbadD intergenic region, which includes the Bad operon promoter. BadM did not bind to a DNA fragment covering the badH-badR intergenic region, expected to encompass the CHC promoter (Fig.  2) . Nor did it show significant binding to the badR-badC or badGbadA intergenic regions (Fig. 2) . DNase footprinting revealed a BadM binding site overlapping the previously determined transcription start site of badD, the first gene in the Bad operon (Fig.  3A) (6) . This site also overlaps the predicted Ϫ10 region of the Bad operon promoter (Fig. 3B) . We confirmed by quantitative realtime PCR (qRT-PCR) that wild-type cells grown with succinate had very low levels of badD transcription, whereas levels of badD transcription in a badM mutant approached those of wild-type cells grown with benzoate (Fig. 4A) . This confirmed our previous conclusion that BadM is a transcription factor that represses expression of the Bad operon (15) . The expression of badH, a CHC operon gene, was not derepressed in a badM mutant background (Fig. 4B) . We were unable to show that benzoate or benzoyl-CoA interacts with BadM in vitro in electrophoretic motility shift assays. However, growth with benzoate induced expression of badD, as measured by qRT-PCR. Expression levels of badD were 3-fold higher in wild-type cells grown with benzoate than in cells grown with 4-hydroxybenzoate (Fig. 4C) . These in vivo data suggest that benzoate or benzoyl-CoA is the effector for BadM. Growth with CHC or CHene did not induce badD expression.
BadR represses expression of the CHC operon. Consistent with a role for BadR as a repressor of CHC operon transcription, a badR in-frame deletion mutant that we constructed grew at the same rate as the wild-type parent with benzoate as the sole carbon source (doubling time of 8.7 h for the wild type versus 9.8 h for the badR mutant). When we measured badH, aliB, and aliA transcript levels by qRT-PCR analysis, we found that wild-type cells grown with benzoate and succinate expressed these genes at high levels relative to those of cells grown with succinate alone (Fig. 5A) . We also found that levels of these transcripts were constitutively high in badR mutant cells grown on succinate alone. Expression of badR from a plasmid in trans in the badR mutant grown with succinate resulted in much lower levels of badH transcription (Fig.  5B) . These results suggest that BadR functions as a repressor of CHC operon expression.
His-tagged BadR binds to the badH-badR intergenic region. To determine if BadR could bind to DNA directly and specifically, we tested the ability of BadR to retard the migration through polyacrylamide gels of DNA fragments that encompassed the badHbadR, badR-badC, badC-badD, and badG-badA intergenic regions (Fig. 1B) . As shown in Fig. 6 , purified His-tagged BadR altered the electrophoretic mobility of the badH-badR intergenic DNA only.
Identification of the BadR DNA binding site. To characterize the BadR binding site, we determined the transcription start site of the badH gene by S1 nuclease mapping. A badH transcript was detected in total RNA extracted from the wild-type cells grown with benzoate plus succinate but not on succinate alone. Consistent with results shown in Fig. 5 , there was a badH transcript in badR mutant cells grown with succinate alone (Fig. 7A) . The badH transcription start site mapped to a site 78 bp upstream of its translational start site. Subsequent footprinting analysis showed that an 18-bp region upstream of badH was protected from DNase I digestion by BadR (Fig. 7B) . The protected BadR binding site includes an inverted repeat sequence (underlined) that is separated by a 2-bp spacer (lowercase) (CAATacATTG). This site covers the badH transcription start site (Fig. 7C) . The CAATacATTG inverted-repeat sequence is also located between the Ϫ10 and Ϫ35 elements of the previously determined badR promoter (14) . These results suggest that BadR represses its own transcription as well as transcription of the CHC operon by blocking access of the RNA polymerase core to both the badR and the badH promoters.
BadR binds 2-ketocyclohexane-1-carboxyl-CoA. Generally, MarR family proteins bind to target DNA in a ligand-free form to repress gene expression, and DNA binding is antagonized upon ligand binding (28) . To identify a BadR-specific ligand, we used qRT-PCR to determine the influence of various growth substrates on expression of badH. We found that badH was expressed when wild-type R. palustris was grown on benzoate, cyclohexanecarboxylate, cyclohex-1-ene-1-carboxylate, 2-hydroxycyclohexane-1-carboxylate, or 2-ketocyclohexane-1-carboxylate as the sole carbon source (not shown). However, growth on pimelate did not induce badH expression. These results led us to test whether 2-ketocyclohexane-1-carboxyl-CoA could antagonize the binding of BadR to its target DNA in gel shift assays. Indeed, we found that 2-ketocyclohexane-1-carboxyl-CoA at a concentration of 40 nmol abolished the ability of BadR to retard the migration of badH promoter DNA through polyacrylamide gels (Fig. 8) . In contrast, benzoate, benzoyl-CoA, and acetyl-CoA did not alter the electrophoretic mobility of BadR in gel shift assays. These results indicate 2-ketocyclohexane-1-carboxyl-CoA is an effector that binds to BadR to abolish its activity as a repressor of CHC operon transcription.
DISCUSSION
Our work lends clarity to how anaerobic benzoate degradation is regulated in R. palustris. The enzymes required for conversion of benzoate to the ring cleavage product pimelyl-CoA are encoded in two operons. The CHC operon is controlled by the transcription factor BadR, and the Bad operon is controlled by the transcription factor BadM (Fig. 1B) . All the genes for CHC degradation, a subset of which are needed for benzoate degradation, are in the CHC operon.
We note that the transcript levels of badD in a badM mutant were about 2.5 times lower than those of the wild-type strain grown with benzoate (Fig. 4A) . This raises the possibility that additional regulatory factors may control the Bad operon in addition to the repressor protein BadM. From previous work, we know that expression of the Bad operon is also regulated by AadR, a homologue of the E. coli Fnr protein, which like Fnr controls gene expression in response to anaerobiosis (14, 17, 29) . In addition, the activities of BadA and AliA, the two enzymes that catalyze benzoyl-CoA and CHC-CoA synthesis, are downregulated posttranslationally by N-lysine acetylation (30) . This may be a mechanism for the end product of benzoate/CHC degradation, acetylCoA, to feedback inhibit the activities of these degradation pathways.
Our in vivo and in vitro data show that BadR binds 2-ketocyclohexanecarboxyl-CoA to derepress transcription of the CHC operon in R. palustris. We also provided an in vitro characterization of BadM, a member of the BadM/Rrf2 family of transcription factors that acts as a repressor to control the expression of the Bad operon (15) . Purified BadM was quite unstable, but we were able to identify a binding site for this protein in the Bad operon promoter by DNase footprinting experiments. This information, though limited, may be useful in future studies of this understudied family of transcription factors.
We were unable to confirm previous work from our laboratory suggesting that BadR positively regulates Bad operon expression (14) . We had worked with a badR mutant created by insertion of a gentamicin cassette. This mutant grew slowly on benzoate, and the expression of a badE-lacZ transcriptional fusion was attenuated in the mutant. We interpreted these phenotypes to suggest that BadR was an activator of Bad operon expression. A badR in-frame deletion that we constructed as part of this study grew at a wild-type rate on benzoate. Thus, we think that our original observations may have been due to downstream effects of the gentamicin cassette insertion in badR on Bad operon expression that were unrelated to BadR function.
BadR is a member of MarR family of bacterial regulatory proteins. Although MarR proteins were originally described as regu- lators for multidrug and stress resistance genes, e.g., MarR for marAB in E. coli (31) and MexR for mexAB in P. aeruginosa (32) , there are also MarR regulators that control aromatic compound metabolism (33) (34) (35) (36) (37) . In general, the ligands for these proteins are ϳ100-Da-sized small molecules like protocatechuate and 4-hydroxybenzoic acid, but recently a number of studies showed that there are MarR members which bind CoA-thioesterified phenyl propanoids, including p-coumaroyl-CoA for CouR from R. palustris (20, 38, 39) . We show that BadR binds a nonphenolic CoA-thioesterified compound. Although CouR and BadR share low amino acid sequence identity/similarity (20%/34%), a structural comparison of BadR with CouR would be useful for identifying amino acid residues that may interact with the CoA moiety in these proteins.
